We report interesting anomalies in the temperature dependent Raman spectra of FeSe 0.82 measured from 3K to 300K in the spectral range from 60 to 1800 cm -1 and determine their origin using complementary first-principles density functional calculations. A phonon mode near 100 cm -1 exhibits a sharp increase by ~ 5% in frequency below a temperature T s (~ 100K) attributed to strong spin-phonon coupling and onset of shortrange antiferromagnetic order. In addition, two high frequency modes are observed at 1350 cm -1 and 1600 cm -1 , attributed to electronic Raman scattering from (x 2 -y 2 )to xz / yz d-orbitals of Fe.
INTRODUCTION
Recent discovery of superconductivity in rare earth iron pnictides RFeAsO 1-x F x (R = La, Sm, Ce, Nd, Pr, and Gd [1] [2] [3] ) has now expanded to include the related alkali doped A x M 1-x Fe 2 As 2 (A = K, Na; M = Ca, Sr, Ba) [4] [5] and iron-chalcogenides Fe 1+δ Se 1-x Te x [6] [7] . Iron pnictides and iron chalcogenides share the common feature of tetragonal P4/nmm structure with FeAs or FeSe layers, wherein Fe is tetrahedrally coordinated with As or Se neighbours. The superconducting transition temperature (T c ) for iron chalcogenides has increased from initial 8K [6] to 14K [7] with suitable amount of Te substitution, and to 27K [8] under high pressure. An interesting observation in the Fe 1+δ Se 1-x Te x system is the occurrence of a structural phase transition from tetragonal to orthorhombic at T s ~ 100K [6, 9] , accompanied by an anomaly in magnetic susceptibility [7] . Wang et al. [10] have shown that only the thin films of tetragonal FeSe 1-x , which show such a low temperature structural transition are superconducting, thus suggesting a crucial link between structural transition and superconductivity. Earlier reports of superconductivity in tetragonal FeSe 1- x compound termed PbO-tetragonal phase as α-phase [6] . However, some other reports have termed the PbO-tetragonal phase as β-FeSe as well [11, 12] , causing some confusion in the nomenclature. A recent report of the phase diagram [13] (where the tetragonal phase is designated as β-phase), claims that only compounds with the stoichiometry in the narrow range of Fe 1.01 Se to Fe 1.03 Se are superconducting.
Understanding the primary origin of these co-occurring structural transition and magnetic anomaly at T s is essential in uncovering important couplings in the normal phase that are relevant to superconductivity in FeSe 1-x and related materials.
In this paper, we report Raman scattering from tetragonal FeSe 0.82 with onset T c of ~ 12K. To the best of our knowledge, only room temperature Raman spectra associated with phonons has been reported for tetragonal FeTe and Fe 1+δ Se 1-x Te x [14] . There are two motivating factors behind this work: first to identify the phonons relevant to the observed structural phase transition, and use first-principles calculations to determine the possible coupling between these phonons and accompanying changes in magnetic structure via spin-phonon coupling, if any. This may throw light on the possible role of electronphonon coupling through spin channel in the mechanism of superconductivity [15] .
Secondly, to determine the changes in electronic states and excitations near Fermi level through the transition(s) at T s , which may set the stage for superconductivity at lower temperatures. As emphasized earlier [16] , Fe orbitals contribute significantly to the electronic states near the Fermi level and hence they are expected to play a crucial role in the mechanism of superconductivity. In particular, it is not clear experimentally if d xz and d yz orbitals are split or not [17] [18] [19] [20] .
Here, from the temperature dependence of Raman scattering from phonons and electrons (in crystal-field split d-orbitals of Fe) in tetragonal-FeSe 0.82 , we present two significant results: (i) The lowest frequency phonon, associated with Se vibration in the ab plane, shows anomalously large blue shift of ~ 5% in frequency below T s ; (ii) The d xz and d yz orbitals of Fe are non-degenerate with a splitting of ~ 30 meV. This is the first experimental evidence suggesting the possible splitting of d xz and d yz energy levels that is being discussed in recent theoretical studies [17] [18] [19] [20] in the general class of iron based superconductors. In ref [19] , related to LaFeAsO, the splitting of 3d orbitals of Fe results from combined effects of tetrahedral crystal field, spin-orbit coupling, strong hybridization between Fe d and As 4p orbitals and lattice compression along z-axis. Also, it has been suggested [20] To put our studies in perspectives, we note that there are a few temperature dependence Raman studies on NdFeAsO 1-x F x [22, 23] , Sr 1-x K x Fe 2 As 2 (x = 0 and 0.4) [24] , CaFe 2 As 2 [25] , R 1-x K x Fe 2 As 2 ( R = Ba, Sr) [26, 27] and Ba(Fe 1-x Co x ) 2 As 2 [28] . In case of NdFeAsO 1-x F x [22] [23] none of the observed phonon modes show any anomaly below the superconducting transition temperature. Similarly no anomaly was seen as a function of temperature in Sr 1-x K x Fe 2 As 2 [24] . However, in another study of R 1-x K x Fe 2 As 2 ( R= Ba, Sr) [26] 
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First-principles Calculations
Our first-principles calculations are based on DFT as implemented in PWSCF [29] package. We use ultrasoft pseudopotentials [30] respectively. Structural optimization is carried through minimization of energy using
Hellman-Feynman forces and the Broyden-Flecher-Goldfarb-Shanno based method.
Frequencies of the zone centre (q = 0,0,0) phonons are determined using a frozen phonon method for the relaxed structure with experimental lattice constants. We have also carried out calculations to include effects of correlations, likely to be important in these iron pnictides [31] , with an LDA+U correction, and find that phonon frequencies do change sizably with U [32] , confirming the conclusion of ref. [31] in the context of phonons.
However, the picture (relevant to Raman measure here) developed here based on LDA calculations does not change qualitatively.
RESULTS AND DISCUSSION
Raman Scattering
There are four Raman active phonon modes belonging to the irreducible representations A 1g + B 1g +2E g [14] . Figure 2 Raman spectra were fitted with a sum of Lorentzian functions to derive the mode frequencies and linewidths. The linewidths of all the modes show normal temperature dependence i.e., increase by ~ 3 cm -1 from 3K to 300K and are not shown. It can be seen in Fig. 3 that while the frequencies of modes S2, S3 and S4 show normal temperature dependence, mode S1 shows a sharp change near T s ~ 100K, where a tetragonal to orthorhombic phase transition is expected [6, 7, 9] . The frequency ω(T) of the S1 mode increases by a large amount by ~ 5% below T s . The solid lines in Table Ι . We will come back to discuss the anomalous change in frequency of the S1 mode after presenting density functional calculations. The lineshape of the S1 mode is Lorentzian and not Fano as shown in the inset (a) of Fig. 2 implying negligible or no coupling of this phonon with electrons.
In addition to the expected Raman active phonon modes, Fig.2 [19] [20] . This is schematically shown in Fig. 4 (b).
First-Principles Simulations
For the non-magnetic (NM) state of FeSe, our optimized internal structure agrees within 0.5 % with the experimental one, and estimates of phonon frequencies are slightly lower for x = 0.125 as compared to those of undoped FeSe (see Table Ι , in the crystal as a secondary order parameter in a transition to AFM-stripe phase, similar to that in improper ferroelectrics (we note that there are no unstable phonons in the nonmagnetic tetragonal phase ruling out a primarily structural transition).
We now attempt to understand the large observed change of ~ 5% in the frequency of the S1 (E g ) mode below T s . To this end, we first determined the change in frequency of phonons as a function of orthorhombic strain within DFT. It has been shown experimentally that maximum value of (b-a)/a is ~ 0.5% at the lowest temperature of 5K [9] . Our calculations show that phonon frequencies hardly change with an orthorhombic strain of ~ 0.5% in the non-magnetic state, indicating a weak strain-phonon coupling and ruling out its role in T-dependence of the S1 mode frequency. Thus, it has to be a strong spin-phonon coupling that is responsible for the anomalous behavior of the mode S1
below T s . To this effect, our DFT calculations show that the mode S1 frequency in FeSe 0.875 indeed hardens by ~ 7 % (to 126 cm -1 ) in the AFM stripe phase as compared to that (118 cm -1 ) in the AFM1 state. This hardening is a theoretical (DFT) measure of spin-phonon coupling: ω = ω 0 +λS i S j [36] , λ being negative. Using <S i S j > for SNN spins obtained from Monte Carlo simulations, which is negative and sharply increases in magnitude below 100K [32] , we confirm that the hardening of S1 mode below T s arises from the spin-phonon coupling and emergence of short-range stripe AFM2 order. As the ordering is short-range, we do not predict the splitting of S1 mode, as otherwise expected from a long-range AFM2 ordering. The coupling of E g and B 1g modes with spin degree of freedom originates from the mode induced changes in Fe-Se-Fe bond-angle and consequent variation of the superexchange interactions. We note that a strong spinphonon coupling has been inferred in iron pnictides (CeFeAs 1-x P x O) through phenomenological analysis of the dependence of the measured magnetic moment of Fe on Fe-As layer separation and T c [15] . Our calculations show that the higher energy E g mode (S4 mode at 315 cm -1 involving Fe displacements) also couples with spins with a comparable strength to the S1 mode. However, the perturbative analysis shows that its correction to frequency of S4 mode is much weaker (since the mode is of higher frequency, and correction depends inversely on the frequency of the mode). as the temperature is lowered, there is a transition to a phase with short range AFM2 stripe order at T s ~ 100K, (as reflected in the anomaly observed in magnetic susceptibility [7] ), long-range order being suppressed due to frustrated magnetic interactions. This change in spin ordering is accompanied by a weak orthorhombic distortion as a secondary order parameter. By symmetry, the coupling between this AFM2 order and E g (S1 and S4) modes is nonzero, which leads to anomalous change in frequency of the lower of the two E g modes (S1). Thus, a strong spin-phonon coupling (estimated from the phonon frequencies of AFM1 and AFM2 stripe phases) is responsible for the observed hardening of S1 mode in the normal state of FeSe. This may be relevant to the recent proposal of strong electron-phonon coupling through the spin-channel being discussed as a mechanism of superconductivity [15] . In addition, the high frequency modes at 1350 
CONCLUSION
